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ABSTRACT 

An analysis of scaling relationships i s  presented f o r  
impact c ra te rs  formed in liquids, rocks, and metals. The role6 
of target  strength and gravitational acceleration are consid- 
ered. The controversy of whether penetration varies with the 
two-thirds o r  one-third power of the  impact velocity i s  sug- 
gested t o  be academic u n t i l  the e f fec ts  of target  strength are 
firmly established. 
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D P A C T  CRATERS 

INTROIXJCTION 

Impact cratering i n  rocks and the related phenomena are of 
i n t e re s t  t o  workers i n  the geosciences and have been studied 
f o r  a number of years at  the NASA's Ames Research Center i n  a 
cooperative program of research with the U. S. Geological Sur- 
vey. Par t icular  emphasis has been placed on the interpretat ion 
of the effects  of impact of interplanetary debris with the 
lunar surface. This emphasis has focused at tent ion on problems 
of scaling the resu l t s  from small laboratory c ra te rs  across 
more than 12 orders of magnitude; i . e . ,  the absence of a lunar 
atmosphere requires a t tent ion t o  the  en t i r e  spectrum of in t e r -  
planetary p w t i c l e s  and bodies which c ra te r  the lunar surface 
with holes ranging from uicron-sized p i t s  t o  major geologic 
s t ructures  measured in  hundrreds of kilometers. 

The subject of scale effects  i s  new t o  the f i e l d  of hyper- 
velocity impact. To the authors' knowledge the existence of 
scale e f fec ts  was  unsuspected o r  at l ea s t  had not been demon- 
s t ra ted  u n t i l  Denardo and Nysmith' reported t h e i r  observations 
of scale e f fec ts  f o r  c ra te rs  i n  aluminum. Subsequently, Moore 
e t  a1.2 presented evidence f o r  scale e f fec ts  i n  impact c ra te rs  
formed i n  rock; significantly,  they related the scale e f fec t  t o  
a change i n  effect ive target  strength with c ra te r  s i z e .  

It i s  the purpose of t h i s  paper t o  describe some resu l t s  
from an extension of the analysis presented i n  reference 2 
based on a more general approach t o  the problem. 
thought t-hroughout has been i o  explore f a z t ~ r s  21- p s ~ ~ ! ~ e t e r s  
which a r e  important i n  establishing scaling relationships 
applicable over the range of sizes appropriate f o r  lunar cra- 
t e r s .  
in te res t s ,  the role  developed for target  strength has special  
significance t o  the over-all  subject of hypervelocity impact. 

The pr incipal  

Although cer ta in  resul ts  a re  pertinent t o  the  geoscience 

Craters Formed i n  Water 

ANALYSIS 

It i s  instruct ive t o  consider first. cratering i n  l iquids.  
Engels and Moore e t  al .4 have reported theoret ical  and experi- 
mental studies of t ransient  cavi t ies  proltuced i n  water by water 
drops. 
sinks, which r e su l t  from surface tension and hydrostatic 

They have shown tha t  there. are two primary energy 
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pressure, during the formation of water craters .  
t h e i r  studies, one can write for hemispherical geometry 

Briefly, from 

- 

(1) 
P Formation energy = (s t ress)$ dr 

0 

where r i s  c ra te r  radius, p i s  the f i n a l  or penetration 
radius, and the s t r e s s  serves t o  provide the resistance against 
which energy must be expended t o  form the crater .  
t i on  energy i s  2dPp2 for the s t ress  2T/r 
face tension T. Against the mean hydrostatic pressure pgr/2, 
where p i s  mass density and g i s  gravi ta t ional  accelera- 
t ion,  the formation energy becomes apgp4/4. The sum of these 
two energies i s  (approximately) the t o t a l  energy E required 
t o  form the c ra te r  

The forma- 
a t t r ibu tab le  t o  sur- 

and aSter the displaced or ejected mass is  introduced 

Equations (2) and (3 )  are interesting i n  that the r e l a t ive  
importance of the two terms i n  the brackets depends on the s i z e  
o r  scale of  the c ra te r  being considered. 
t e r s  (& >> 1 gram), the second term due to  hydrostatic stresses 
becomes the dominant term and 

For very large cra- 

This i s  also equivalent t o  writing 

p a E l i 4  

o r  when E i s  re la ted t o  the kinetic energy Ep of a projec- 
t i l e  traveling w i t h  a velocity V 

Equation--(4) i s  a form familiar to workers who have studied 
large explosive cratering events5 and i s  categorized as indi-  
cat ing a fourth-root o r  gravity scaling. For t h i s  type of 
scaling the energy spent during c ra te r  formation i s  used solely 
t o  r a i se  large masses of material out of the cavity; the energy 
expenditure i s  d i rec t ly  proportional t o  the gravi ta t ional ly  
induced overburden ( l i t hos t a t i c  or hydrostatic) pressures and, 
hence, the name "gravity scaling. " This type of scaling, how- 
ever, i s  not val id  for very small craters .  
t h e  term i n  the brackets contributed by surface tension becomes 
t h e  dominant fac tor  when Me << 1 gram. 
term i s  neglected, therefore, 

For water c ra te rs  

If the hydrostatic 
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and the equivalent forms are 

These resu l t s  are  closely related t o  those described by Moore 
e t  al.2 f o r  rocks i n  which the Gr i f f i th  theory6 of failure i n  
b r i t t l e  substances i s  employed to  account f o r  a scdle e f fec t  
resul t ing from a change i n  effective target  strength with s i ze  
of the crater .  Indeed, if one uses a stress proportional t o  
r-'I2 as suggested by the Gr i f f i th  theory, it i s  easily shown 
that2 

M, a E6"; p 0: $15; p a v4I5 

Thus i f  one accepts the suggestion that the observations 
reported i n  reference 2 are explicable, at  l e a s t  i n  part ,  by 
the  e f fec ts  of changing target  strength, then the stress 
resul t ing from surface tension becomes closely analogous t o  
some measure of target  strength f o r  c ra te rs  formed in liquids.  
The authors suggest "strength scaling" is ,  perhaps, an appro- 
p r i a t e  terminology f o r  t h i s  regime. 

With an assumption that E = 1/2Ep, based on the Chazters- 
Summers t h e ~ r y , ~  the energy requirements f o r  water c ra te rs  
predicted by equation (3) are  compared w i t h  the available exper- 
imental data i n  f igure 1. The agreement between experiment and 
equation ( 3 )  i s  gratifyingly good (see also r e f .  4) and it i s  
noteworthy tha t  the experiments all f a l l  i n  a t rans i t ion  region 
between exclusively surface tension scaling and exclusively 
hydrostatic pressure scaling. The p a V2" variation observed 
for water c ra te rs  that i s  described in  reference 4 wouiC Uppeer 
t o  be a highly for tui tous resul t  and it does not represent a n y .  
confirmation of the much debated 2 /3  power l a w .  

Craters Formed i n  S o l i d s  

A somewhat similar approach t o  examine scaling l a w s  and 
ef fec t -of  target  strength f o r  rock and metal c ra te rs  will now 
be carried out using a modification of the Charters-Summers 
theory f o r  c ra te r  formation. 
theory involves the t ransfer  of momentum and energy from the 
pro jec t i le  into the target  medium.to form a th in  s h e l l  of com- 
pressed mass that expands radial ly  outward against the 
rest raining forces established by s t resses  produced during 
deformation of the ta rge t  material. The model i s  not, nor was 
it ever intended to  be, a sophisticated description of the cra- 
t e r ing  process, but i t s  s i q l i c i t y  i s  a prime vir tue.  The 
basic  physics of c ra te r  formation are  exposedto analysis - 

The crater ing model f o r  t h i s  



i .e . ,  the  ro le  of target  deformation w i t h  due consideration t o  
target  strength - without resorting t o  a complicated mathemat- 
i c a l  or physical model. 

The reader i s  referred t o  reference 6 f o r  a more complete 
discussion of the theory. It i s  suff ic ient  here t o  note t h a t  
s ta r t ing  with an expression similar t o  
and Summers introduce the concept of a 
strength T. I n  effect ,  they define 

equation (2), charters 
mean deformation 

so  that B may be assumed to  be independent of r for  any 
given cratering event. 
vary from any one event t o  another. 
Charters -Summers theory yields 

The deformation strength can, however, 
On t h i s  bas i s  t he  

with the r e su l t  that f o r  a constant E 

After the pro jec t i le  d ime te r  d w a s  used t o  normalize the 
penetration they obtained the commonly used power l a w  

Material strength, however, i s  known t o  be a f’unction of many 
variables including s t r a in  ra te ,  confining pressure, tempera- 
ture ,  and, as previously discussed, the s ize  of the sample of 
material  under s t ress .  
Charters-Smers  theory i s  used to  explore quai i ta t iveiy the 
manner i n  which such factors  may af fec t  impact cratering 
r e s u l t s  . 

I n  the subsequent paragraphs, the 

It i s  t o  be noted that  both s t r a i n  r a t e  and confining 
pressure increase with increasing impact velocity. Moreover, 
mater ia l  strengths generally increase with increases i n  strain 
r a t e  and-confining pressure. Values for  the m e a n  d e f o m t i o n  
s t rength s, therefore, should be expected t o  increase as the 
impact velocity increases. It i s  convenient, f o r  present pur- 
poses only, t o  assume a f’unctional relationship between F and 
V 
f in ing  s t ress .  Thus we assume 

- 

t ha t  r e f l ec t s  the expected effects  of strain rate and con- 

Z( s t r a in  rate and confining stress) a Pv ( 5 )  

where the equation i s  introduced with the understanding tha t  
m > 0 and it is  emphasized that  the equation only i l l u s t r a t e s  



t ha t  a mean d e f o m t i o n  strength F will probably increase . 
w i t h  the impact velocity because of the changes i n  the s t r a i n  
r a t e s  and confining pressures. 

- I n  a somewhat similar m e r ,  the e f fec ts  of s ize  on s 
can be expressed i n  a form suitable f o r  inser t ion i n  the 
Chaxters-Summers theory. The weakest l i nk  theory of Evans and 
Porr;eroy,' a s t a t i s t i c a l  solution t o  changes i n  strength with 
s ize  f o r  materials containing cracks and defects, suggests the 
rupture stress R is inversely groportional t o  80m power of 
the tes t  specimen s ize  X. 

Values f o r  n would vary between 0 and 1/2 depending on the 
tTy-pe of flaws i n  the specimen and the  nature of their activa- 
t ion .  When the rupture s t r e s s  i s  taken t o  be proportional t o  
s and the penetration p i s  taken t o  be a representative 
dimension f o r  the specimen size,  the  e f fec t  of internal. defects 
on the mean deformation s t r e s s  is  

- 

(6) -1113 F(defects) a p-n a M, 

Combining equations ( 5 )  and (6), one finde that 

F a V"Vp-n 
and an extended Charters-Summers theory can be writ ten as 

or i t s  equivalent forms 

The most s ignif icant  resul t  from t h i s  simple extension of 
the  Charters-Summers theory i s  the indication that scale  
e f fec ts  can a r i s e  from changes i n  both the impact velocity and 
pro jec t i le  s ize .  For the  special case m = n = 0 or ig ina l ly  
t rea ted  by Charters and Summers, there  i s  a unique 2/3 power 
velocity scaling l a w  that i s  independent of pro jec t i le  diam- 
eter. For r e a l  substances, however, m and n probably w i l l  
never be zero and no single power law can be anticipated t o  be 



SCALING RELATIONSHIPS FOR M I C R O S C U  TO MEGASCALE W A C T  CRATERS 

val id  for all materials and conditions; m a n y  d i f ferent  scaling 
laws or, perhaps more correctly, acontinuous change i n  scaling 
relationships must be expected. 

With reference t o  equation ( 7 ) ,  f o r  any given ta rge t  and 
pro jec t i le  Combination the value of the exponent f o r  the veloc- 
i t y  should decrease as the impact velocity increases. 
e f fec t  w i l l  decrease the rate at which the normalized penetra- 
t i on  increases with velocity and i s  a manifestation of the  
increased effect ive target  strength produced by higher s t r a in  
rates and eonffnlng presmree. Sueh trenas are clearly evldent 
i n  the experimental data,2tg and it i s  significant t h a t  if 
these trends are  a t t r ibutable  even i n  par t  t o  strength effects ,  
comparisons between experimental and hydrodynamic code values 
f o r  the velocity exponent aze open t o  question. I n i t i a l  values 
f o r  the velocity exponent aze predicted from equation (7) t o  be 
between 4/5 and 2 /3 ,  values appropriate, respectively, t o  
n = 1/2 predicted by the Gr i f f i t h  defect theory and n = 0 f o r  
an idea l  material with no defects. 

This 

If the velocity i s  maintained constant f o r  a given target  
and pro jec t i le  combination, equation (7) predicts t ha t  the nor- 
malized penetration should increase w i t h  p ro jec t i le  s ize .  
i s  interest ing t o  note tha t  such an e f fec t  has been reported by 
Denardo and Nysmith' f o r  impact of aluminum into aluminum. 
They found that the value for the exponent of 
T h i s  corresponds t o  n = 3/19 ( o r  
and i s  appropriate f o r  a metal. 
sponding t o  the Gr i f f i th  defect theory, the exponent of 
probably wi l l  not exceed l/5; the normalized penetration, 
therefore, should never be a strong function of the  pro jec t i le  
s ize .  

It 

d was  1/18. 

With a value of 1/2 corre- 
n = 0.15") i n  equation (7) 

d 

Cratering data f o r  rocks (both impact and explosive) and 
Denardo and Nysmith' s aluminum data are  compared i n  figure 1 
with the water c ra te r  data and theory. 
cover a suff ic ient ly  broad range of energies t o  afford a fill 
cornparism with the theoret ical  curve f o r  water, but  it i s  
c lear  t ha t  there are  s t r iking s imi la r i t i es  between water and 
the  solids.  For the lower range of energy expenditure, extend- 
ing down t o  sputtering of individual atoms f o r  rocks and the 
energy required t o  evaporate one molecule of water, the  ejected 
mass i s  proportional t o  some power of the energy % 
greater  than 1. This r e su l t  i s  not inconsistent with the con- 
cept that there  are  changes i n  the effect ive ta rge t  strength 
with the scale of the event. Over the upper range of energy 
the  ejected mass from rocks i s  proportional t o  a power of the 
energy less than 1 and the over-all trends are remark&ly con- 
s i s t en t ,  with v i r tua l ly  a pure gravi ta t ional  scaling developing 
in to  a t rans i t ion  zone with strength scaling. 

Only the data f o r  rocks 
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The ro le  of target  strength, it i s  believed, cannot be 
overemphasized; u n t i l  this ro le  i s  firmly established, values 
f o r  velocity power l a w  scaling relationships will be purely 
academic. 

The authors g ra t e f i l l y  aclmowledge receipt of unpubllshed 
data  f o r  construction of figure 1 from N. Scully, 
J. F. Friichtenicht,  B. P. Denmdo, and B. Cour-Palais. 
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FIGURE LEGEND 

Figure 1. - Variation of the ejected mass & with the expended 
energy for cra te rs  formed i n  water, rocks, and aluminm. 
The synb?? h denotes the scaled depth of burst for explo- 
sive c ra te rs  and i s  equal t o  the r a t i o  of the depth of 
bur i a l  for the  explosive, measured i n  feet, t o  the  cube root 
of the  energy release, expressed i n  pounds of TNT. 




